The ventral tegmental area (VTA) has been implicated in a number of psychiatric disorders, including schizophrenia, depression, and bipolar disorder. One major regulator of the mesolimbic dopaminergic system is the medial prefrontal cortex (mPFC), which makes direct and indirect connections to the hippocampus and amygdala, as well as directly to the VTA. The mPFC is comprised of two subregions: the infralimbic and prelimbic cortices (ilPFC and plPFC). However, the specific roles of these subregions in regulating VTA dopamine activity have remained unclear. In this study, we aim to clarify this role and to examine the divergent neuranatomical circuits by which the mPFC regulates VTA activity. Using in vivo extracellular recordings in rats, we tested the effects of pharmacological activation (with NMDA) and inactivation (with TTX) of the ilPFC and plPFC on dopamine neuron activity, and tested the roles of the ventral subiculum (vSub) and basolateral amygdala in this process. We found that the ilPFC exerts a bidirectional control of VTA dopamine neurons, which are differentially modulated through the vSub and the basolateral amygdala. Specifically, activation or inactivation of the ilPFC attenuated or activated dopamine neuron population activity, respectively. Furthermore, dopamine activation depended on the ventral hippocampus and inactivation on the amygdala. In contrast, only inactivation of the plPFC altered dopamine neuron activity. These data indicate that the mPFC has the ability to uniquely fine-tune dopaminergic activity in the VTA. Furthermore, the data presented here suggest that the ilPFC may have a role in the pathophysiology of psychiatric disorders.
Introduction
Mesolimbic dopamine (DA) neurons and the ventral tegmental area (VTA) are commonly associated with goal-directed behavior and reward valuation. In addition, aberrant midbrain DA circuitry is implicated as a contributing factor in many psychiatric disorders. For instance, hyper-reactivity of the dopaminergic system and the VTA has been associated with schizophrenia (Lodge and Grace, 2007) , amphetamine hyperactivity (Lodge and Grace, 2008b; Daberkow et al., 2013; Espana and Jones, 2013) , and mania (Lyon and Satz, 1991; Park and Kang, 2013) . In contrast, anhedonia, a core symptom of major depressive disorder and bipolar disorder, has been linked with the DA system and has been associated with a decrease in DA activity, leading to a decrease in motivation for rewarding stimuli (Wise et al., 1978; Wise, 2008; Treadway and Zald, 2011) .
A major regulator of the DA system is the prefrontal cortex (PFC). Two major subdivisions of the medial PFC (mPFC), the infralimbic (ilPFC) and the prelimbic (plPFC) cortices, have direct projections to the VTA (Sesack and Carr, 2002; Gabbott et al., 2005) as well as to other regions of the brain linked with control of mesolimbic DA, including the basolateral amygdala (BLA), the nucleus accumbens, and the entorhinal cortex-ventral subiculum system. Additionally, like the VTA, the mPFC has been implicated in psychiatric illnesses. Hyperactivity in Brodmann's area 25 (analogous to ilPFC in the rat) has been associated with depression (Mayberg et al., 2000; Keedwell et al., 2009) , and area 32 (analogous to plPFC) is implicated in stimulant abuse (Koester et al., 2012) . Moreover, studies have shown that these two subdivisions often have opposite effects on behavior (VidalGonzalez et al., 2006; Sierra-Mercado et al., 2011) . However, studies into the manner by which the mPFC affects DA neuron activity have been inconclusive, possibly because investigators have not differentiated between these subdivisions (Overton et al., 1996; Lodge, 2011) .
In addition to the mPFC, other regions have been implicated in the pathophysiology of psychiatric disorders. Thus, there is evidence of altered hippocampus activity in major depressive disorder (Hoogenboom et al., 2012; Sexton et al., 2013) , schizophrenia (Hu et al., 2013; Ledoux et al., 2013; Shan et al., 2013) , and bipolar disorder (Lim et al., 2013) . Postmortem studies of patients who suffered from major depressive disorder have found volumetric reductions in the hippocampus. Imaging studies in patients with bipolar disorder have found reductions in gray matter volume, although results regarding bipolar disorder are inconsistent and highly variant depending on when in the pathological cycle the studies are performed (Brooks et al., 2009; Bora et al., 2010; Singh et al., 2012) . We have previously shown that aberrant hippocampal activity is linked to dopaminergic dysfunction in schizophrenia (Lodge and Grace, 2008a; . Further, hyperactivity and increased amygdalar volume have been found in studies of major depressive disorder in humans (Kalia, 2005; Leppänen, 2006) . Therefore, in this study, we aim to identify how the ilPFC and plPFC influence the activity of the VTA and determine how the BLA and ventral subiculum (vSub) may be implicated in that control.
Materials and Methods
Animals. All experiments were performed in accordance with the guidelines outlined in the USPHS Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Adult male Sprague Dawley rats (82 rats total; Ͼ300 g) were anesthetized by injection of 8% chloral hydrate (400 mg/kg, i.p.), which was maintained by supplemental chloral hydrate injections as needed to suppress the hindpaw withdrawal reflex. Animals were placed in a stereotaxic frame (Kopf) with their core temperature maintained at 37°C via a temperature-controlled heating pad (Fine Scientific Tools).
Electrophysiology. Guide cannulae were placed into the either the plPFC or ilPFC (plPFC: anteroposterior ϩ3.7 mm, mediolateral ϩ0.5 mm, dorsoventral Ϫ2.5 mm; see Fig. 1A ; IL: anteroposterior ϩ2.7 mm, mediolateral ϩ0.5 mm, dorsoventral Ϫ3.5 mm; see Fig. 2A ). In subsequent experiments, guide cannulae were placed in the ilPFC as well as the BLA (anteroposterior Ϫ3.1 mm, mediolateral ϩ5.0 mm, dorsoventral Ϫ6.6 mm; see Fig. 3A ) or vSub (anteroposterior Ϫ6.0 mm, mediolateral ϩ5.3 mm, dorsoventral Ϫ4.4 mm; see Fig. 4A ). Dulbecco's PBS (dPBS), NMDA (0.75 g in 0.5 l of dPBS), and TTX (1 M in 0.5 l of dPBS) were obtained from Sigma-Aldrich and were administered through infusion cannulae that extended 1 mm past the tip of the guide cannulae, at a rate of 0.5 l per minute and left in place for 10 min to allow for adequate diffusion before extracellular recordings were initiated in the VTA.
Extracellular recording electrodes were pulled on a vertical electrode puller (PE-2) and the tip broken back under microscopic control to achieve an impedance between 6 and 14 M⍀. Microelectrodes were filled with a 2% Chicago Sky Blue dye solution in 2 M NaCl and lowered through the VTA (beginning at: anteroposterior Ϫ5.3 mm, mediolateral ϩ0.6 mm, dorsoventral Ϫ6.5 to Ϫ9 mm) via a hydraulic micropositioner (Kopf) in a nine track grid pattern to determine the overall population activity, which is defined as the number of spontaneously active DA neurons in six to nine total tracks (each track was separated by 200 m). Spontaneously active DA neurons were identified using previously established electrophysiological criteria (Grace and Bunney, 1983; Ungless and Grace, 2012) and recorded with open filter settings (high pass ϭ 10 -50 Hz; low pass ϭ 16 kHz) for 3-6 min. Three characteristics of DA neuron activity were measured in the VTA: (1) the overall population activity as defined above, (2) the basal firing rate, and (3) the proportion of action potentials occurring in bursts, reported as the percentage of spikes in bursts. A burst is defined as the occurrence of two consecutive spikes with an interspike interval Ͻ80 ms, with the termination of a burst defined as two spikes with an interspike interval Ͼ160 ms Bunney, 1983, 1984) .
Histology. At the cessation of each experiment, rats were overdosed with a lethal injection of chloral hydrate. Current was passed through the recording electrode, ejecting Chicago Sky Blue dye to verify its placement. Brains were removed and stored in 8% paraformaldehyde for 48 h before being transferred to a 25% sucrose solution for cryoprotection. Brains were then sliced coronally on a cryostat at 60 m thick and mounted onto gelatin-chromalum-coated slides. Slides were stained with a combination of cresyl violet and neutral red to identify cell bodies and placements were verified using a stereotaxic atlas (Paxinos and Watson, 2007) . Only data from animals with accurate placements in all regions were kept for analysis.
Analysis. Electrophysiological data were gathered and analyzed using LabChart version 7 software. Additional measures (such as burst analysis and firing rate) were analyzed using NeuroExplorer version 4. All data are represented as mean Ϯ SEM. Statistics were calculated using Sigma Plot version 11.0. For experiments involving one infusion site, a one-way ANOVA followed by a Holm-Sidak post hoc test was used to determine differences between groups, or a one-way ANOVA on ranks was used if the data were not normally distributed. For experiments involving two infusion sites, a two-way ANOVA followed by a Bonferroni post hoc t test was used to determine differences between groups.
Results
Inactivation of the prelimbic cortex decreased VTA DA neuron activity The influence of the plPFC on mesolimbic DA activity was tested by infusion of either NMDA or TTX into the plPFC and measuring overall population activity of VTA DA neurons. Rats that received plPFC vehicle infusions (dPBS; n ϭ 10 rats, 66 neurons) exhibited an average of 0.97 Ϯ 0.03 spontaneously active DA neurons per electrode track, with an average firing rate of 3.7 Ϯ 0.2 Hz and 27.0 Ϯ 2.8% of action potentials fired in bursts (Fig.  1B-D) , which is consistent with previous findings (Lodge and Grace, 2007; Chang and Grace, 2013) . Infusion of TTX in the plPFC (n ϭ 10 rats, 40 neurons) significantly decreased spontaneous DA population activity in the VTA compared with controls (one-way ANOVA, F (2,24) ϭ 9.1, p ϭ 0.001: Holm-Sidak post hoc: t (18) ϭ 3.5, p ϭ 0.002). Inactivation of the plPFC resulted in an average of 0.51 Ϯ 0.06 cells/track (Fig. 1B) , which represents an ϳ50% decrease from control. TTX infusion did not, however, affect the firing rate of these neurons ( Fig. 1C ; 4.1 Ϯ 0.28 Hz; one-way ANOVA, F (21,53) ϭ 1.5, p ϭ 0.225) or the average burst firing ( Fig. 1D ; 24.1 Ϯ 3.5%; one-way ANOVA, F (21,53) ϭ 0.2, p ϭ 0.818). Thus, the only parameter altered by plPFC inactivation was overall spontaneous population activity. Activation of the plPFC by infusion of NMDA (n ϭ 7 rats, 50 neurons) did not cause any significant changes in mesolimbic DA activity. The spontaneous population activity ( Fig. 1B; 1 .06 Ϯ 0.20 cells/track; one-way ANOVA, F (2,24) ϭ 9.1, p ϭ 0.001; HolmSidak post hoc: t (15) ϭ 0.6, p ϭ 0.532), firing rate ( Fig. 1C ; 3.5 Ϯ 0.2 Hz; one-way ANOVA, F (21,53) ϭ 1.5, p ϭ 0.225), and bursting activity ( Fig. 1D ; 25.8 Ϯ 3.6%; one-way ANOVA, F (2,153) ϭ 0.2, p ϭ 0.818) were not different from control values. Plotting the firing rate and burst firing for neurons in these groups in a histogram ( Fig. 1 E, F ) did not show significant differences in distributions with the manipulations tested (Kolgomorov-Smirnoff test, p Ͼ 0.05).
Activation and inactivation of the infralimbic cortex have opposite effects on VTA dopamine activity
To evaluate the effects of the ilPFC on midbrain DA neurons, the ilPFC was either activated (NMDA) or inactivated (TTX) before recording VTA DA neuron activity. Rats that received ilPFC vehicle infusions (dPBS; n ϭ 5 rats, 21 neurons) had an average of 0.93 Ϯ 0.13 spontaneously active DA cells/track that fired at an average rate of 3.7 Ϯ 0.4 Hz with 28.2 Ϯ 6.4% of spikes occurring in bursts ( Fig. 2B-D ), again consistent with previous publications. Activation of the ilPFC with an infusion of NMDA (n ϭ 5 rats, 15 neurons) caused a significant decrease in DA population activity in the VTA compared with control (one-way ANOVA, F (2,11) ϭ 35.1, p Ͻ 0.001; Holm-Sidak post hoc: t (8) ϭ 3.2, p ϭ 0.008). Spontaneous DA neuron activity in the VTA following pharmacological activation was decreased by Ͼ50% to 0.38 Ϯ 0.10 cells/track (Fig. 2B ). The average firing rate ( Fig. 2C ; 3.9 Ϯ 0.5 Hz; one-way ANOVA, F (2,74) ϭ 0.5, p ϭ 0.590) and percentage of spikes in bursts ( Fig. 2D ; 25.1 Ϯ 7.2%: one-way ANOVA, F (2,75) ϭ 0.6, p ϭ 0.521) were not significantly different following ilPFC activation. In contrast, inactivation of the ilPFC produced an opposite effect on DA neuron population activity. After infusion of TTX into the ilPFC (n ϭ 4 rats, 42 neurons), DA population activity was nearly double that of controls, with 1.88 Ϯ 0.14 cells/track ( Fig. 2B ; one-way ANOVA, F (2,11) ϭ 35.1, p Ͻ 0.001; Holm-Sidak post hoc; t (7) ϭ 5.3, p Ͻ 0.001). Firing rate ( Fig. 2c ; 3.3 Ϯ 0.3 Hz; F (2,74) ϭ 0.5, p ϭ 0.590) and bursting activity ( Fig.  2D ; 20.5 Ϯ 3.6%; F (2,75) ϭ 0.6, p ϭ 0.521) were not significantly different compared with controls. As with the plPFC, histograms of the distributions of firing rates and burst activity ( Fig. 2 E, F ) did not reveal significant differences among treatment groups (Kolgomorov-Smirnoff test, p Ͼ 0.05). In summary, the ilPFC was capable of producing bidirectional effects on DA neuron population activity in the VTA, depending on whether this structure was activated or inactivated. In contrast, the plPFC only attenuated VTA DA neuron population activity.
The effect of infralimbic cortex activation is prevented by inactivation of the basolateral amygdala
The mPFC can affect the VTA via both direct projections to this structure as well as through several indirect pathways. Among these, the mPFC is known to send prominent projections to both the BLA and the entorhinal cortex, which regulates vSub activity (Vertes, 2006) . Given that previous studies found that vSub activation only produced increases in VTA DA neuron population activity whereas inactivation of this structure had no effect on population activity (Floresco et al., 2003) , a potential role for the BLA in the ilPFC attenuation of VTA DA neuron activity was examined. This was done by pharmacological inactivation of the BLA while simultaneously activating the ilPFC and evaluating its effects on midbrain DA neuron activity. In rats receiving infusion of dPBS vehicle in both the ilPFC and the BLA (n ϭ 5 rats, 30 neurons), the average DA population activity was 1.03 Ϯ 0.12 cells/track with an average firing rate of 4.0 Ϯ 0.5 Hz and 25.8 Ϯ 5.9% of the action potentials being fired in bursts (Fig. 3B-D) . VTA activity after ilPFC activation and dPBS infusion in the BLA (n ϭ 5 rats, 18 neurons) produced effects consistent with those observed with NMDA infusion into the ilPFC performed previously, in that the DA population activity was decreased to 0.58 Ϯ 0.05 cells/track ( Fig. 3B ; two-way ANOVA, F (1,16) ϭ 7.8, p ϭ 0.013; Bonferroni post hoc: t (8) ϭ 3.6, p ϭ 0.014). The average firing rate ( Fig. 3C ; 4.1 Ϯ 0.39 Hz; two-way ANOVA, F (1,123) ϭ 0.4, p ϭ 0.510) and percentage of spikes in bursts ( Fig. 3D ; 32.9 Ϯ 7.1%; two-way ANOVA, F (1,123) ϭ 1.0, p ϭ 0.322) were not significantly different from control conditions. Inactivation of the BLA with TTX while infusing dPBS in the ilPFC (n ϭ 5 rats, 38 neurons) did not change any measured parameters of VTA DA activity. Overall population activity was found to be 1.19 Ϯ 0.10 cells/track (Fig. 3B) , which was not significantly different from the double-vehicle control test (two-way ANOVA, F (1,16) ϭ 17.1, p Ͻ 0.001; post hoc Bonferonni t test; t (8) ϭ 1.3, p ϭ 1.000). Average firing rate ( Fig. 3C; 4 .0 Ϯ 0.29 Hz; two-way ANOVA, F (1,123) ϭ 0.1, p ϭ 0.727) was also not significantly altered, nor was bursting activity (Fig. 3D ; 21.1 Ϯ 3.7%; two-way ANOVA, F (1,123) ϭ 2.1, p ϭ 0.151). The decrease in population activity found after ilPFC activation was prevented by simultaneous inactivation of the BLA. The average number of spontaneously active DA cells after ilPFC infusion of NMDA and BLA infusion of TTX ( Fig. 3B ; n ϭ 5 rats, 41 neurons) was 1.15 Ϯ 0.06 cells/ track, which was significantly greater than that observed after ilPFC infusion of NMDA along with vehicle infusion in the BLA. There was a significant interaction between infusion locations (two-way ANOVA, df ϭ 19; F (1,16) ϭ 5.4, p ϭ 0.034), and a post hoc Bonferroni t test confirmed the effect of BLA infusion of TTX versus dPBS (t (8) ϭ 4.6, p ϭ 0.002). Furthermore, this result was found to be not significantly different from the double-vehicle control (one-way ANOVA: F (3,16) ϭ 10.1, p ϭ 0.220). Average firing rate ( Fig. 3C; 4 .4 Ϯ 0.3 Hz; two-way ANOVA, F (1,123) ϭ 0.1, p ϭ 0.733) and percentage of spikes occurring in bursts ( Fig. 3D ; 23.6 Ϯ 3.4%; two-way ANOVA,: F (1,123) ϭ 0.2, p ϭ 0.630) were not altered compared with other groups. Thus, although BLA inactivation alone was not sufficient to elicit a change in VTA DA activity, inactivation of this region prevented the substantial decrease in VTA DA neuron population activity observed after ilPFC activation. Overall DA population activity was the only parameter affected by these manipulations.
The effect of infralimbic cortex inactivation is prevented by inactivation of the ventral subiculum
In this study, we show that the BLA mediates the decrease in VTA DA neuron population activity after ilPFC activation, whereas inactivation of the BLA alone had no effect. In contrast, previous studies showed that activation of the vSub will increase VTA DA neuron population activity, whereas inactivation of this structure was without effect on overall population activity (Floresco et al., 2001 ). Therefore, we examined whether the vSub plays a role in the activation of VTA DA neuron population activity after inactivation of the ilPFC. The activity state of VTA DA neurons after vehicle infusion in both the ilPFC and vSub (n ϭ 5 rats, 31 neurons) was comparable with that observed in all other control groups. The overall DA population activity of the VTA was 1.03 Ϯ 0.14 cells/track, with these cells firing at an average frequency of 3.6 Ϯ 0.4 Hz and with 26.6 Ϯ 4.8% of these action potentials occurring in bursts (Fig. 4B-D) . Inactivation of the ilPFC by TTX while infusing dPBS into the vSub (n ϭ 6 rats, 49 neurons) yielded results similar to those observed after infusion of TTX into the ilPFC alone, in that the average number of spontaneously active DA neurons was increased to 1.57 Ϯ 0.09 cells/track ( Fig. 4B ; two-way ANOVA, F (1,17) ϭ 2.8, p ϭ 0.011; Bonferroni post hoc: t (9) ϭ 3.8, p ϭ 0.008), a significant increase from double-vehicle control. Firing frequency ( Fig. 4C ; 3.9 Ϯ 0.2 Hz; two-way ANOVA, F (1,137) ϭ 3.5, p ϭ 0.062) and percentage of spikes in bursts ( Fig. 4D; 19 .0 Ϯ 4.0%; two-way ANOVA, F (1,137) ϭ 0.5, p ϭ 0.465) were not significantly different from control. Inactivation of the vSub with TTX and ilPFC infusion of dPBS (n ϭ 5 rats, 32 neurons) did not significantly affect VTA DA neuron activity. The number of spontaneously active DA neurons ( Fig. 4B; 1 .03 Ϯ 0.06; two-way ANOVA, F (1,17) ϭ 12.5, p ϭ 0.003; Bonferroni post hoc: t (8) ϭ 0.1, p ϭ 1.000), average firing rate ( Fig. 4C; 3 .5 Ϯ 0.26 Hz; two-way ANOVA, F (1,137) ϭ 2.0, p ϭ 0.159), and percentage of spikes in bursts ( Fig. 4D; 22 .3 Ϯ 3.7; two-way ANOVA, F (1,137) ϭ 1.8, p ϭ 0.188) were not significantly different from double-infusion controls. This is consistent with previous findings (Floresco et al., 2001; Lodge and Grace, 2007) , where inactivation of the vSub did not significantly alter VTA DA neuron activity. Inactivation of the vSub prevented the increase in DA neuron population activity observed after ilPFC inactivation. VTA population activity after TTX inactivation of both the ilPFC and the vSub (n ϭ 5 rats, 29 neurons) was 0.83 Ϯ 0.14 cells/track (Fig.  4B) , which was significantly less than the increased VTA DA neuron population activity observed after inactivation of the il-PFC alone. The interaction between ilPFC and vSub infusion was significant (twoway ANOVA, F (1,17) ϭ 13.1, p ϭ 0.002), as was the effect of vSub inactivation within the ilPFC inactivation groups (Bonferroni post hoc: t (8) ϭ 5.2, p Ͻ 0.001). In addition, the population activity observed in this treatment was found to be not significantly different from control (one-way ANOVA, F (3,17) ϭ 10.2, p ϭ 0.211). Firing rate ( Fig. 4C; 4 .6 Ϯ 0.3 Hz; two-way ANOVA, F (1,137) ϭ 3.3, p ϭ 0.071) was not significantly different from other groups, nor was bursting activity (Fig. 4D ; 34.6 Ϯ 3.9%; two-way ANOVA, F (1,137) ϭ 5.0, p ϭ 0.027; Bonferroni post hoc: t (58) ϭ 2.6, p ϭ 0.069). The increase in DA neuron population activity observed after inactivation of the ilPFC by TTX was prevented by vSub inactivation, although no other parameters were altered. In contrast, as with the BLA, vSub inactivation alone did not affect mesolimbic DA neuron activity.
Discussion
The data presented here indicate that the ilPFC is capable of exerting bidirectional control over midbrain DA neuron output by altering the population activity of DA neurons in the VTA. Furthermore, we show that decreases in population activity caused by activation of the ilPFC can be prevented by inactivation of the BLA, and increases caused by inactivation of the il-PFC can be attenuated by inactivation of the vSub. Additionally, the plPFC may be involved in further control of the VTA, as inactivation the plPFC resulted in a decrease of DA population activity. Each of these pathways appears to exert unique but opposite actions, in that neither inactivation of the vSub nor the BLA results in an alteration of VTA DA neuron population activity (Floresco et al., 2001; Lodge and Grace, 2006a; Chang and Grace, 2013) , which is consistent with what we have seen here. Of course, it should be noted that these regions typically show low levels of baseline activity in the anesthetized rat. It is likely that, in an awake behaving rat, such alterations may indeed alter DA neuron activity states. It is also unclear from the data presented whether the brain regions studied are the only relevant nodes in the circuit. Although our data show that the effects of the mPFC on DA neuron activity are dependent on the BLA and the vSub, it is unknown whether this occurs via direct projections to/from the regions involved or may involve other brain systems as well. Nonetheless, the BLA and vSub appear to be necessary for the effects of the mPFC on DA neuron activity states. Indeed, we have shown that the vSub involves a multisynaptic circuit through the accumbens and ventral pallidum to affect DA neuron population activity (Floresco et al., 2003) .
These data are consistent with a model whereby inactivation of the ilPFC leads to hyperactivity of the vSub, resulting in an increase in the number of DA neurons that are spontaneously active, as has been seen in previous studies where the ventral hippocampus has been activated directly (Lodge and Grace, 2006b; Lodge, 2011) (Fig. 5) . Although it has been reported that electrical stimulation of the mPFC did not affect VTA DA neuron activity (Lodge, 2011), the authors did not distinguish between ilPFC and plPFC, and coactivation of both regions could potentially cancel out an observed action. The mPFC, however, does not project directly to the vSub; there are direct excitatory projections from this region to the entorhinal cortex, as well as excitatory projections to the nucleus reunions (Vertes, 2006) , both of which in turn provide powerful excitatory influence over the vSub (Vertes, 2006) . In contrast, the BLA appears to only exert an attenuation of DA neuron activity. Thus, the hypoactivity observed in the VTA after activation of the ilPFC with NMDA is dependent on activation of the BLA. The BLA also appears to exert a direct effect on DA, in that electrical stimulation of the Figure 4 . The ilPFC inactivation-induced increase in VTA DA neuron population activity is mediated via the vSub. A, Histological placement of infusion cannulae in the ilPFC and vSub (circles, ϳ50% of ilPFC placements [top] shown for clarity, and 100% of vSub placements [bottom] shown). B, Inactivating both the ilPFC and the vSub with TTX (black bar) prevented the hyperactivity of dopamine population activity in the VTA that occurred with inactivation of the ilPFC alone (cells/track, light gray bar). Inactivating the vSub had no effect on the overall population activity (dark gray bar) compared with vehicle infusions (white bar). C, D, The firing rate and percentage of spikes occurring in bursts were not affected by any of the infusion treatments. *p Ͻ 0.05 (two-way ANOVA, Bonferroni post hoc test). n ϭ 5 or 6 rats/group; n ϭ 29 -49 neurons/group. Data are represented as mean Ϯ SEM.
BLA is reported to increase DA overflow in the nucleus accumbens (Jackson and Moghaddam, 2001); however, this has been reported to result from presumed presynaptic effects within the accumbens rather than changes in DA neuron activity (Floresco et al., 1998) . It is important to note that none of the manipulations resulted in an alteration of average firing rate or burst firing patterns. This is not to state that there were not differences in firing rate or pattern of individual neurons; however, an average change across the population was not observed, nor was the distribution of firing rates or bursting altered. A change in DA neuron population activity is likely to have substantial behavioral consequences. We have shown previously that DA population activity increases are associated with increased behavioral responses to amphetamine across different conditions ( Lodge and Grace, 2008a, b; Cifelli and Grace, 2012; Valenti et al., 2012; Chang and Grace, 2013) . Burst firing has been characterized as the behaviorally salient signal of the VTA to indicate phasic, rapid behavioral significance (Grace, 1991; Schultz, 1998) . However, we have shown that a DA neuron must be firing spontaneously to emit a phasic burst (Floresco et al., 2003; Lodge and Grace, 2006a) . Therefore, by controlling the number of DA neurons firing, the ilPFC can control the amplitude of the phasic signal . Tonic population activity appears to act as the gain of the VTA (i.e., the level of responsivity [stimulus-evoked burst firing] of the DA neuron population). It is as of yet unclear why activation of the ilPFC only activates BLA projecting neurons and not vSub projecting neurons, or vice versa. One possibility is that there may be a change of sign in the PFC-vSub pathway, such that activation of the ilPFC will activate the BLA and simultaneously inactivate the vSub, and vice versa. This type of competition would be consistent with that seen within the nucleus accumbens with vSub versus mPFC activation (Goto and Grace, 2005) . Furthermore, although anesthesia would attenuate cortical activity, the finding that inactivation of the ilPFC produces opposite effects of activation suggests that at least some baseline activity is present to be suppressed or enhanced.
In this study, we chose to use pharmacological activation of selective regions within the brain rather than using electrical stimulation. This was because of the specific advantages of using pharmacological activation: (1) electrical stimulation would very likely result in antidromic activation of a number of cortical and subcortical regions that could affect DA neuron activity and confound our results; (2) pharmacological activation allows the system to be activated according to the membrane properties and firing characteristics of the neurons (e.g., burst firing, firing frequency, nonsynchronous firing); and (3) electrical stimulation over an extended period is likely to show tachyphylaxis and potential tissue damage. Furthermore, the specificity of the pharmacological infusion can be demonstrated by the opposite effects observed with drugs acting in opposite manners on neuronal activity (i.e., TTX vs NMDA) or in adjacent regions (i.e., ilPFC vs plPFC). We did not find changes in average firing rate and pattern; however, others (Murase et al., 1993) found that chemical stimulation of the mPFC can result in changes in burst firing in individual DA neurons. Although it is likely that, on the individual neuron level, firing pattern changes may be occurring after the performed infusions, this was not evident on the averaged rate and pattern data. Moreover, although Enomoto et al. (2011) have reported that GABA antagonist bicuculline increased burst firing when infused into the plPFC, there may be differences in how NMDA activation and GABA antagonism affect the excitatory output of the mPFC.
The work presented here is consistent with previous studies, which show that the ilPFC's control over tonic activity of the VTA may be altered in an anhedonic state that occurs during depression or bipolar disorder (Padrão et al., 2013; Zahodne et al., 2012) . Anhedonia is the inability to derive pleasure from normally pleasurable activities. Several studies link altered DA activity with anhedonic states, both in humans (Wise, 2008) and in rodents (Wise et al., 1978) . Imaging studies have shown that the human analog of the ilPFC is hyperactive in depression (Mayberg et al., 2000) ; moreover, the amygdala is hyper-responsive to negative stimuli in depression (Kalia, 2005; Leppänen, 2006) . As we have observed low tonic firing of the VTA after activation of the ilPFC, it may be that hyperactivity in the ilPFC (or the human correlate, the subgenual anterior cingulate cortex, BA 25) could lead to an anhedonic condition. Altered ilPFC activity could further exacerbate depression by interfering with the evaluation of controllability of stressors and the appropriate expression of avoidance behaviors (Amat et al., 2005; Moscarello and LeDoux, 2013) . We have found that depression-like behaviors in animal models are regulated through the BLA (Chang and Grace, 2013). Interestingly, inactivation of the plPFC produced opposite effects has not yet been delineated. C, Inactivation of the ilPFC with TTX (red circle) leads to an increase in population activity in the VTA (green upward arrow) potentially through attenuation of an indirect inhibitory pathway from the ilPFC to the entorhinal cortex (EC), leading to an increase in vSub firing and VTA population activity (green upward arrows). The dashed line from the vSub to the VTA indicates a multisynaptic pathway that includes the nucleus accumbens and ventral pallidum (Floresco et al., 2003) .
on VTA DA neurons compared with the ilPFC. Thus, with plPFC inactivation, there was a decrease in the number of DA neurons firing, whereas activation of the plPFC had no effect. The mechanism by which the plPFC affects VTA DA neuron activity is not clear at this time. There are several possibilities, such as a removal of plPFC attenuation of vSub activity or removal of plPFC inhibition of the ilPFC. Although the mechanism is not known, there are substantial data to show that the plPFC and ilPFC have opposite effects behaviorally (Vidal-Gonzalez et al., 2006; SierraMercado et al., 2011) . Whether this inhibitory interaction occurs via known direct projections between these regions (Vertes, 2004; Hoover and Vertes, 2007) or via interactions at the vSub (Vertes, 2006) or other subcortical regions requires further investigation.
In contrast, decreases in ilPFC activity lead to increased DA neuron population activity. Indeed, such a condition of increased DA response may be related to an opposite condition, such as mania. Mania is categorized as a period of persistently elevated, expansive, or irritable mood (American Psychiatric Association, 2000) . Moreover, mania shares some of the DA-related characteristics of schizophrenia, such as delusions and hallucinations (Perich et al., 2013) and responsivity to DA antagonist drugs (Tohen and Vieta, 2009; Cruz et al., 2010) . There is some evidence to suggest that DA dysfunction may play a key role in mania (Park and Kang, 2013) . Indeed, some aspects of mania can be modeled in rodents using single administration of high-dose psychostimulants, resulting in increased extracellular DA concentrations (Lyon and Satz, 1991) . Inactivating the ilPFC resulted in a large increase in tonic activity. Previous work has indicated that hyperactivity in the ventral hippocampus, and more specifically the vSub, can be the underlying cause of such an increase, as is likely the case in schizophrenia and amphetamine sensitization. In addition, in the case of the MAM schizophrenia model (Lodge and Grace, 2008a), amphetamine sensitization (Lodge and Grace, 2008a), and with ilPFC inactivation, it was possible to return VTA population activity levels to normal by inactivating the vSub. These data support the idea that the overdrive of the VTA that is caused by ilPFC inactivation could be acting through a pathway involving the vSub. This gives rise to the provocative hypothesis that instability either (1) within the ilPFC, in which it switches from hypoactive to hyperactive states, or (2) an alternation in dominance between the ilPFC and plPFC, could present as an underlying pathological condition in bipolar disorder.
